Once Around the Milky Way

building out a 3D model of the MilkylWay that will offer a tour
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Zucker et al. 2021, Bialy et al. 2021; Zucker et al. 2022, Konietizka et al. 2024, O’Neill et al. 2025, Swiggum et al. 2024
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Science

Researchers worldwide contribute to, and use,
MilkyWay3D resources in order to improve our
understanding of the Milky Way's origins,
workings, and future.

35 .-'\-;AZ‘”' * | .
DATA SOFTWARE OUTREACH JOINING IN

8| Want to surf a giant wav
in the Milky Way Galaxy?

= | ,/"/ R
-y
Data & Software MW3D for Everyone
We combine data and software that can offer Using the same data and tools as researchers,

myriad views of the Milky Way, as best we
know it. The software is built using the LIVE
Environments exploratory data analysis tools.

educators and learners of all ages can explore
and study the Galaxy in which we all live.

MilkyWay3D's open science premise: Data + Software + People + Computing + Physics = Understanding, Learning, and Discovery

Bringing you the Galaxy as we know it. Updated as we learn more.


http://milkyway3d.org

But first, some backstory.



The NEW Milky Way

what it looks like

goes nol need & dark cek
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Green et al. 2019

WARNING: schematic diagram, to scale (credit A. Goodman, 2019)



WHAT WAS "NEW™ in 2023... ..

Arms of galaxies (1) look like they “wave,” and (2a) they
(2b) There appears to be almost no dark matter in the Milky

that too.

(3a) Feedback from supernovae & winds are as important as theoris
was 50 years ago, even though observers didn’t believe them. (35b) Star
forming clouds may largely form at the intersection of feedback bubbles.

(20> T o+ | ocal Bubble & Earth's (4b

planets’) radiation history is determined by this kind of “interstellar weather.”

(5) Parts (arms?) of galaxies that appear “near each other” today, did NOT
start out that way. Pattern speeds are deceiving.

(6) Magnetic fields appear swept-up into feedback bubble’s surfaces.
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"Snapshots” can be deceiving—
pattern speed is NOT real motion!

"Crazy” stuff IS ha
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Loebman and Zucker et al. will present this SIMULATION DEMO: https://faun.rc.fas.harvard.edu/czucker/Interactive Figure3 Alyssa.html,

based on Zucker et al. 2022 (& Konietzka et al. 2024)



https://faun.rc.fas.harvard.edu/czucker/Interactive_Figure3_Alyssa.html

How did the Sun wind up in the bubble

What does the Sun’s time in-
the bubble mean for Earth?

See Opheretal. 2023
(Heliosphere shrinks as Sun

passes through Local Bubble,

exposes Earth!)

The timeline is consistent

with supernova iron

deposits’2 in the Earth’s

MILLION YEARS AGO

7
\ crust!
\ [1] Wallner et al. 2016
| [2] Breitschwerdt et al. 2016
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https://www.nature.com/articles/nature17196
https://www.nature.com/articles/nature17424

Then...

In 2024, while on sabbatical at
Harvard’s Radclifte Institute, Ralf
Klessen studied how Earth’s Night Sky
might change, depending on the Sun’s
Position relative to the Local Bubble.

Working with Ralf on that made me
wonder what a star’s Sky “looks like”
over a full Galactic orbit, and how
“agent-based” modeling might offer
new understanding of what Joao Alves
likes to call “galactic weather.”

'Y Harvard

¥ Institute e’

" Radcliffe

Sample figure from Klessen et al. (2025, in prep.) showing the 3D positions of the brightest
stars (yellow, green) visible from the Sun’s current position, in the context of the Edenhofer
2023 3D dust map. Local Bubble model from O’Neill et al. 2024 shown in purple.
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You are here: . University of Vienna
clouds

Galactic weather: Solar system encounters with dense gas clouds

Supervisor: Jodo Alves in collaboration with Stefan Meingast (Dept. of Astrophysics), Catherine Zucker and Alyssa Goodman,

(Dept. Astronomy, Harvard University)

Funding Situation: potentially via a VISESS PhD fellowship

Vienna intemational School of Earth and Space Sclences

¢

o
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ABSTRACT

Context. As the Solar System orbits the Milky Way, it encounters various Galactic environments, including dense regions of the
interstellar medium (ISM). These encounters can compress the heliosphere, exposing parts of the Solar System to the ISM, while also
increasing the influx of interstellar dust into the Solar System and Earth’s atmosphere. The discovery of new Galactic structures, such
as the Radcliffe wave, raises the question of whether the Sun has encountered any of them.

Aims. The present study investigates the potential passage of the Solar System through the Radcliffe wave gas structure over the past
30 million years (Myr).

Methods. We used a sample of 56 high-quality, young (<30 Myr) open clusters associated with a region of interest of the Radcliffe
wave to trace its motion back and investigate a potential crossing with the Solar System’s past orbit.

Results. We find that the Solar System'’s trajectory intersected the Radcliffe wave in the Orion region. We have constrained the timing
of this event to between 18.2 and 11.5 Myr ago, with the closest approach occurring between 14.8 and 12.4 Myr ago. Notably, this
period coincides with the Middle Miocene climate transition on Earth, providing an interdisciplinary link with paleoclimatology. The
potential impact of the crossing of the Radcliffe wave on the climate on Earth is estimated. This crossing could also lead to anomalies
in radionuclide abundances, which is an important research topic in the field of geology and nuclear astrophysics.

Key words. ISM: kinematics and dynamics — open clusters and associations: general — solar neighborhood
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Effects of the Sun’s trajectory through the galaxy on
Earth’s climate over the past 10 million years

Details

Speaker Name/Affiliation: Merav Opher / Boston University
When: Wed, Oct 15 2025, 4 - Spm

Seminar Type: Physics Department Colloquium

Location (Room): JILA Auditorium

Event Details & Abstracts

Abstract: With the advent of the Gala space mission, there has been a revolution in astronomers' ability to precisely locate the interstellar structures
the Sun may have encountered on its voyage around the galaxy. We now have the spatial resclution to trace the Sun's trajectory back through its
interstellar environment up to 60 million years in the past (4000 light-years in distance). This timescale is commensurate with the timescale over
which we can reconstruct the paleoclimate of Earth from deep ocean foraminiferas. Today's helicsphere, the cocoon formed by the solar wind as it
moves through the galaxy, engulfs all the planets extending in the nose direction to ~ 120 astronomical units {au). The Sun moves with 19pc/Myr
and has traversed many different structures in the interstellar medium that affect the heliosphere, at times collapsing it to sub-au scales. Thesa
periods of collapse introduce climate and radiation changes in Earth environment.

The frequency of such encounters could be as often as every couple of Myrs, making it a major external disturbance t- *=- *——*—~—-—*
Earth. Stepwise shifts in past global climate, seen in deep sea sediment cores, indicate intervals of more rapid cooling
Mya and 2-3Mya, for which the driving mechanisms are subject to ongoing debate. Such cooling events might be trig
collapse. | will discuss our recent work that show that in two occasions 3 and 7 million years ago (Mya), the Sun encol
shrank the heliosphers —the solar cocoon protecting our solar system - exposing Earth to its interstellar environment
evidence from 60Fe and 244Pu isotopes and discuss the implcations for Earth's climate and biodiversity.
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https://efremmaconi.github.io/emaconi_webpage/Sun_RW_crossing_3D_animation.html

Today’s Challenge

Can we combine what we learn from

analysis of observations with simulations

to understand what a star like the Sun might
encounter on a journey once around the Milky Way?



The Local ISM, as “observed” in 2024

GSH238+00+09

oo
theo-oneill.github 46/localbubble/neighborhood/


http://theo-oneill.github.io/localbubble/neighborhood/
https://theo-oneill.github.io/localbubble/neighborhood/

“Milky Ways” as Simulated in 2024

MNRAS 532, 18141831 (2024) hatps:/idoi.org/ 10,1093/ mnras/stae 1 598
Advance Access publication 2024 June 27

Overview and public data release of the augmented Auriga Project: log10(Mago /Mg ) ~ 12 log10(Magg/Ms ) ~11.5 log10(Mago/Mg) ~ 11 log19(Mago/ Mg ) ~10.5 l“"S'tarSN w
cosmological simulations of dwarf and Milky Way-mass galaxies
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ABSTRACT

We present an extended suite of the Auriga cosmological gravo-magnetohydrodynamical ‘zoom-in" simulations of 40 Milky
Way-mass haloes and 26 dwarf galaxy-mass haloes run with the moving-mesh code AREPO. Auriga adopts the Lambda cold dark
matter cosmogony and includes a comprehensive galaxy formation physics model following the coupled cosmic evolution of dark
matter, gas, stars, and supermassive black holes which has been shown to produce numerically well-converged galaxy properties
for Milky Way-mass systems. We descnbe the first public data release of this augmented suite of Auriga simulations, which
includes raw snapshots, group catalogues, merger trees, initial conditions, and supplementary data, as well as public analysis tools
with worked examples of how to use the data. To demonstrate the value and robustness of the simulation predictions, we analyse
~gerties that compare well with many observed scaling relations, such as the Tully-Fisher
| sequence, and H 1 gas fraction/disc thickness. Finally, we show that SF gas discs appear to
n rapidly for z 2 3 before they ‘settle’ into ever-increasing rotation-dispersion ratios (V /o).
th agreement with some Kinematic measurements from He observations, and demonstrates
released data.

ralaxies: evolution - galaxies: formation - galaxies: kinematics and dynamics -~ galaxies: 10::‘,10(-\1200/-\1 : ),.V 12 l“}.’;l(](l\lg()()/l\lu ) ~ 10.5 l“gm(_\l‘:m”ﬁ.\[ )~ 10

gas

- “r

Auriga Project

Simulations using
AREPO

Auriga-like Milky Way(s) will be wonderful
when resolution is ~10 pc & feedback is

10kpc 10 kpe 10 kpe

l. . Figure 5. Top panels: face-on and edge-on stellar light projections of a selection of simulated galaxies at redshift z = 0. The z-axis is aligned with the
realistic. eigenvector of the moment of inertia tensor of all star particles within 0.1 Ry that is closest to the spin axis vector of those stars. We show one galaxy per

Currently ~ 100 pC, With Sub grid WindS. 0.5dex in halo mass to illustrate the dependence on halo mass. The scale bar is located in the bottom left corner of the face-on images in each case. Bottom
panels: as for the top panels but for projections of the gas surface density.
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Video created by Micah Acinapura, using OpenSpace

cf. tech note

3D Dust,

NANCY GRACE

i ROMAN
- DEC® i
High distance resolution near Low distance resolution at large distances (from Sun to Milky Way “background” is

the Sun (within ~1 kpc): ~Galactic Center): Zucker, Saydjari, Speagle et al. 2025 cartoon only...but MilkyWay3D
Edenhofer et al. 2023. "DECaPS2" map + Green et al. (2019) “Bayestar” map and Roman will change that.


https://arxiv.org/abs/2503.02657
https://arxiv.org/abs/1905.02734
https://astrofrog.github.io/generated-test-hips-3d/
https://arxiv.org/abs/2308.01295

Gas, Dust & Ionizing Stars, 2025
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O’Neill “perch” voids (preliminary)

McCallum et al. 2025 H-a 3D model
and its ionizing sources ©®©

O'Neill et al. Local Bubble (2024)
PerTau Shell (Bialy et al. 2021)

.' S Radcliffe Wave (Alves et al. 2020)



Today’s Challenge

Can we combine what we learn from

analysis of observations with simulations

to understand what a star like the Sun might
encounter on a journey once around the Milky Way?
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What’s 1rong in this view?

The Sun’s environment is unchanging.



More realistic (?) view of just 1.5 Solar orbital periods

gas temperature turbulent velocity
gas density blue is cold (less than 1000 K) blue = few km/s
recently formed stars brighter color = higher density red is hot (higher than 100000 K) orange-yellow=more than 10 km/s

451 Myr

stars


https://www.youtube.com/watch?v=UZV-NV2uwq4

A “Milky Way” trom FIRE (Feedback In Realistic Environments)

stars



http://www.tapir.caltech.edu/~phopkins/Site/Movies_m12i/

Inside a Milky Way...

STARFORGE TIGRESS
(<1 to ~100 pc, Myrs) (several kpc high, Gyrs)

104 104 10 10 104 -104-10*-10Y0 10Y 10! 10¢

B t/tory =0.00 I

km/s

Grudi¢, M. Y., Guszejnov, D., Hopkins, P. F., Offner, S. S. R., & Faucher-Giguére, C.-A. (2020). STARFORGE: Toward a Kim, C.-G., Ostriker, E. C., Somerville, R. S., Bryan, G. L., Fielding, D. B., Forbes, J. C., Hayward,
comprehensive numerical model of star cluster formation and feedback. In arXiv [astro-ph.IM] (Issue 2, pp. 2199- C. C., Hernquist, L., & Pandya, V. (2020). First results from SMAUG: Characterization of
2231). arXiv. https://doi.org/10.1093/mnras/stab1347, and many papers since multiphase galactic outflows from a suite of local star-forming galactic disk simulations. In

arXiv [astro-ph.GA]. arXiv. https://doi.org/10.3847/1538-4357/aba962 , and many papers since



https://doi.org/10.3847/1538-4357/aba962
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“Everything, Everywhere, All at Once”
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“Everything, Everywhere, All at Once”
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This view is only
2 kpc across

O’Neill “perch” voids (preliminary)

McCallum et al. 2025 H-a 3D model
and its ionizing sources ©®©

O'Neill et al. Local Bubble (2024)
PerTau Shell (Bialy et al. 2021)

‘j b= Radcliffe Wave (Alves et al. 2020)



But has 0.1 pc
resolution

200

PerTau Shell (Bialy et al. 2021) Clouds on LB (Zucker et al. 2022) LB Model & B-field (O'Neill et al. 2024, 2025) IVS (Gao et al. 2025)



MILIKY WAY 3D.ORG

v.2024

Between 2020 and 2024, a suite of discoveries based on new 3D dust mapping techniques, enhanced using data from Gaiq, revealed a
completely unanticipated phenomenon in the Milky Way near the Sun. These, and much related work since and today, inspire the global

sharing effort that is MilkyWay3D.org.

The Radcliffe Wave (2020-)

The Radcliffe Wave is a gigantic structure that

defines the shape of the Sun's local
neighborhood in the Milky Way Galaxy. Its
existence was first presented officially in a paper
published in Nature (by Alves et al.) on January
7, 2020. Its website offers scientists, educators,
and the interested public much more information
about the "RadWave," as we like to call it. At that
RadWave site, you can find publications and
talks, visuals (images, interactives, and videos),

history, team info, software, and data.

The Perseus-Taurus Supershell (2021)

The sphere-shaped void named the "Perseus

Taurus Supershell,) described in the Astrophysical
Journal Letters (by Bialy et al), spans about 150
parsecs — nearly 500 light years — and is located
on the sky among the constellations Perseus and
Taurus. It's likely that the cavity was formed by
ancient supernovae that went off some 10

million years ago.

The publication of this result contains the first-
ever augmented reality figure in an AAS Journal.
Click here to enlarge the interactive figure above,
and try the AR by scanning the QR codes.

The Local Bubble (2022-)

The discovery that the 1000-light-year-wide

"Local Bubble" surrounding the Sun and Earth is
responsible for the formation of all nearby, young
stars was first presented in a paper published in
Nature (by Zucker et al.) on January 12, 2022.
Please use this page to find news, publications
and talks, visuals(images, interactives, and
videos), team info, and data.

Orion's Origins (2023)

! om Galactc Plane

Analysis of 3D dust maps and star cluster
dynamics points to supernovae as having created
the conditions that formed the star-factories we
now know as the "Orion Molecular Clouds." You
can read more about these findings in the
publication by Foley et al. 2023--and do try its

interactive figure too.

Oscillation of the Radcliffe Wave
(2024)

The Radcliffe Wave was called a "wave" in 2020,

but it took 4 more years, to use new stellar
clustering approaches and analyses of gas
dynamics, to show that it really does wave. Read
more about this in Konietzka et al. 2024's Nature
paper, and at the RadWave website, where you
can find publications and talks, visuals (images,
interactives, and videos), history, team info,
software, data--and the first animated
augmented reality view of the RadWave that you

can see on your phone!

The Local Bubble is a Local Chimney
(2024)

Once thought to be an enclosed shell of hot

interstallar gas around the Sun, the 2024 paper
by O'Neill et al, offers new models of the 3D dust
structures at the "walls" of the Local Bubble that

suggest its blown it's "top" off, and is actually a
Local Chimney. The paper also offers many
interactive figures highlighting the Local Bubble's
relationship to other structures being studied as

part of MilkyWay3D.org.


http://MILKYWAY3D.ORG
http://MILKYWAY3D.ORG
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Why put it all together?
A Tale of Two O Stars

 Puppis - QHp =5.01 x 10*° 574

The Bajamar Star - QHp =5.07 x 1049 571

———

—10001
1000

500

"~ -1000 =500

Figure 6.10: A projection showing the density plot of where in the XY plane the Lyman continuum photons from individual sources are terminated. Underlying

the coloured volume of each zone of influence is the XY projection of density grid used. The left panel shows the extent of the most luminous sources photons,
the Bajamar star. The right panel shows the second most luminous source, { Puppis. The ratio of volume of influence for each of these sources is 827, despite

haVinv near equal ionizing luminosities.
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Figure 3.Simulated top down view of the galactic plane around the sun in Ha (left) and simulated neutral hydrogen column density (right). The circled regions are the

same as in Fig. 1, with the addition of the blue ellipse outlining supershell GSH 238+00+09 (labelled GSH238). The light blue circles on the right panel show our O-st
locations, with the sizes denoting the ionizing luminosities in (). The yellow crosses denote the location of the Sun in both panels. The galactic centre is to the right. In
this H projection, it appears that Orion-Eridanus and the Gum nebula are venting into GSH 238+00+09. For a 3D interactive figure, visit hitps://wim.meikleobney.net.

McCallum et al. 2025, Mon Not R Astron Soc Lett, Volume 540, Issue 1, Pages L21-L27, https://doi.org/10.1093/mnrasl/slaf023

wim.meikleobney.net

- o Sey
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Linkable Interactive Visualization Exploration (LIVE)

LIVE

Environments
What is LIVE? Creating a LIVE Environment is flexible and easy
SRiERatsanyOne:aullg EEC] 1. choose a FRAMEWORK, using a TEMPLATE if you like

"Linkable Interactive Visualization and Exploration" Environments. =

LIVE is free, open-source, and helps with shared data and visualization challenges across astronomy
(LIVE Astro), biology (LIVE Bio) and GIS (LIVE GIS).

As LIVE's infrastructure is being built, collaborators are ensuring its utility across Astronomy, Biology, and
GIS by pursuing LIVE's science demonstration projects.
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‘Everything, Everywhere, All at Once”
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Science

Researchers worldwide contribute to, and use,
MilkyWay3D resources in order to improve our
understanding of the Milky Way's origins,
workings, and future.

35 .-'\-;AZ‘”' * | .
DATA SOFTWARE OUTREACH JOINING IN

8| Want to surf a giant wav
in the Milky Way Galaxy?

= | ,/"/ R
-y
Data & Software MW3D for Everyone
We combine data and software that can offer Using the same data and tools as researchers,

myriad views of the Milky Way, as best we
know it. The software is built using the LIVE
Environments exploratory data analysis tools.

educators and learners of all ages can explore
and study the Galaxy in which we all live.

MilkyWay3D's open science premise: Data + Software + People + Computing + Physics = Understanding, Learning, and Discovery

Bringing you the Galaxy as we know it. Updated as we learn more.


http://milkyway3d.org
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Brought to you by Cosmic Data Stories and
WorldWide Telescope.
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Click START, and you'll
see these star clusters
surfing the “Radcliffe Wave'
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2025: simulation output— glue— AR

Demonstration here— oy
A galaxy from the IllustrisSTNG simulation ‘ 4
on a Merge Cube

created by Scott Lucchini & Jon Carifio




Apple Vision Pro (AR)

Try it with YOUR data, at glueviz.org/glue-ar/


https://glueviz.org/glue-ar/

Open Session Export Session Import Data Export Data/Subsets Link Data x* Arithmetic attributes Active Subset: Perseus Only C Mode: @ (@ @ I3 Terminal Preferences
J -,

Alves-Bialy-Foley-O'Neill-Zucker X 3D views
. A|V852020_Nat_578_237_MW3D[HDU1] MIVED NAUYGYE, LULATI DPIICD, W INGHHT DUUMIT (LUSIHIVIITE wWiap | LAl UYrIGHGLYINY VIGWSE (¥YV ¥y 1)

Bialy2021_ApJL_919_L5_MW3D[HDU1]
Pelgrims2020_A+A_636_A17_Imax10_MW...
@ onNeill_Homology_Voids

@ 20_Bubbles_Multi_MW3D[HDU1] - & 2D (Sk)’) WWT

ONeill_LocalBubbleBfield
) Lallement2019_A+A_625_A135_solar_nei...
ONeill_LocalBubble_Imax6

Cahlon2023_Clouds[HDU1]
Subsets

Perseus Only

Linkable Interactive Visualization Exploration (LIVE) I_lVE
Environments

multidimensional data exploration

ffgglue

What is LIVE?

LIVE lets anyone build -ommand-line terminal

"Linkable Interactive Visualization and Exploration" Environments.

. ) ) _ ) ou can type any valid Python code here, and you
LIVE is free, open-source, and helps with shared data and visualization challenges across astronomy Finad variobles:

(LIVE Astro), biology (LIVE Bio) and GIS (LIVE GIS).
As LIVE's infrastructure is being built, collaborators are ensuring its utility across Astronomy, Biology, and

GIS by pursuing LIVE's science demonstration projects. : :
Link Editor

an existing connection to edit links. Selected datasets are shown
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LIVE Astro LIVE Bio LIVE GIS GUI data set link editor
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“Everything, Everywhere, All at Once”

= What fraction of star-forming clouds are or are not candidates for having been compressed at bubble surfaces, and/or at
bubble intersections?

= What fraction of star-forming gas features cannot be clearly associated with structures at least an order-of-magnitude
larger than they are”? (How much "free-floating™ dense gas is there in the local ISM?)

= What sources of feeback (stellar winds, syg®rnovae, e alevant on what spatial and temporal scales?

= Can we use information about clusterg@ulationg k motions and expansions of feedback-
driven cavities?

= How do "young stars leave hory
often might young stars drift fro

> star

= Are the topological characteri ns of 1S (in)\@nsistent with any particular
numerical S|mulat|on(s)’\/
= How well can data, simuls 9

For example, over what spatialc L u ii j k | 3 . @i‘f;t = luster with a gas cavity?

glon’? Over what time scale?
= Are there clear relationships betwel d tl ition ot motlon with respect to
significant Galactic structures, sucf aturg ding spiral arms”?

= What are the dominant mechanisms sh3 atig destruction?

= How are these mechanisms related to clouds’ priyS"SEsssSseT(cs and ger-scale galactic environments?

= What is the relationship between interstellag cavities and the disi ¥T OB associations, supernova remnants, and
HIll regions?

= Do we observe evidence for triggered star formation at the surfaces of these cavities?

= What role does Galactic structure play in star formation? Are spiral arm-like structures in the Milky Way quasi-stationary
or transient features? Do these arm-like structures violently induce shocks or gently accumulate gas? If the former, what
role do spiral shocks play in star formation?

Whe at what S8 or do clouds "dissolve" first? How







TINYURL.COM/UNIVERSE-IN-MY-HAND AUGMENTED REALITY


http://tinyurl.com/universe-in-my-hand

